INTRODUCTION
Great progress has been made in recent years in identifying steps that transform normal cells into cancer cells. However, merely describing the differences between normal and cancer cells is insufficient to understand cancer. Tumorous cells engage in bidirectional signaling with normal cells, the tumor microenvironment, that affects the physiology of both the normal and malignant cells. 1 Understanding how these signaling events can promote or hamper the growth of cancers will be crucial to treating this devastating disease.
Genetic approaches in Drosophila have emerged as useful tools to model and study the interactions between tumorigenic cells and their environment. Drosophila larvae have imaginal discs, epithelial monolayers that are the precursors to the animal's adult structures, which can be manipulated by the FLP/FRT and Gal4-UAS systems to generate mosaic tissues that contain small patches of mutant cells, called clones, that are embedded in an otherwise normal disc. [2] [3] [4] Such manipulations can thus be used to model the interactions between tumorigenic and normal cells. Therefore, Drosophila offers powerful tools to genetically model the mosaic nature of tumor development.
Several Drosophila models of tumorigenesis utilize mutations in neoplastic tumor suppressor genes such as those that determine apical-basal polarity: scribble (scrib), discs large (dlg) and lethal giant larvae (lgl). 5 The products of these three conserved genes work in concert to establish and maintain the apical-basal polarity of epithelial cells. Loss-of-function mutations in these genes result in neoplastic phenotypes that mimic cancer cells; mutant cells hyperproliferate, metastasize and lose epithelial architecture. 5 Of particular interest, whether or not scrib À cells manifest this tumorigenic phenotype depends on their microenvironment. Imaginal discs comprised entirely of scrib À cells grow into large, neoplastic masses of amorphous tissue. 6 In contrast, when scrib À cells are surrounded by normal cells, then the scrib À population is eliminated. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Therefore, the presence of normal cells somehow triggers the elimination of the scrib À population. However, the mechanisms and signals that regulate the elimination of scrib À cells are poorly understood.
The context-dependent elimination of scrib À cells is attributed to cell competition, an interaction between two populations of cells that leads to the elimination of one population while the other proliferates at its expense. 17, 18 Cell competition was first identified after it was observed that cells heterozygous for Minute (M þ / À ) mutations, mutations in genes encoding ribosomal proteins, were eliminated in the presence of wild-type cells despite the ability of M þ / À cells to form adult animals when the entire animal is M þ / À . 19 The term cell competition is now used more broadly to describe interactions between cell populations that result in the elimination of one population, which would be viable in non-mosaic tissues. 17, 18 It is not known what properties of cells endow competitive fitness, but M þ / À cells, which are cell competition 'losers', proliferate slowly. Thus some models of cell competition suggest that proliferation rate determines the fitness of cells. 17 It has been shown that elevated levels of the transcription factor Myc increase a cell's fitness. 17, 20 Also, cells with elevated activity of Yorkie (Yki), the transcriptional coactivator antagonized by the conserved Hippo growth control pathway, hyperproliferate and become super-competitors. 21 The super-competitior status of Hippo pathway mutant cells is likely due to elevated levels of Myc, a Yki target gene. 22, 23 However, how differential fitness leads to the elimination of cells within a mosaic tissue, as well as the identity of potential signals that establish the fates of the 'winning' and 'losing' cells remains poorly understood.
Although the properties that label scrib À cells as losers are unknown, the elimination of scrib À cells requires the c-Jun N-terminal kinase (JNK) pathway. [7] [8] [9] 11, 13, 14 JNK signaling is conserved in Drosophila, where it is required for embryonic development and activated in response to cellular stress. 24 Activation of the JNK pathway is also associated with the elimination of scrib À cells, where it is triggered by the secreted ligand Eiger (Egr), a tumor necrosis factor alpha ortholog that binds to the Wengen receptor. 8 JNK activity in imaginal disc cells can cause cell death and is required for the elimination of scrib À cells. 24 Interestingly, JNK is not only active in competed scrib À cells, but also in the surviving normal cells that surround them, demonstrating that JNK activity does not automatically doom an imaginal disc cell. 13 In scrib À cells, JNK signaling causes apoptosis and growth suppression to occur, whereas in neighboring normal cells, JNK is required for engulfment of neighboring scrib À cells. 8, 13, 14, 16 Cells outside the epithelium, namely circulating hemocytes, can also stimulate JNK signaling in scrib À cells by binding to the abnormal cells and secreting Egr. 11 Thus, the presence of scrib À cells provokes a complex response in the normal cells of an organism in order to prevent the hyper-proliferation and expansion of the abnormal scrib À cells. However, very little is known about the genes that are required to make normal cells competent to respond to the presence of abnormal cells and extinguish the threat they pose to the organism. Thus, identifying signaling events in cells engaged in cell competition is required to understand the elimination of scrib À cells from mosaic tissues. Here, we investigated a potential role for Stat signaling in the elimination of clones of scrib À cells. JAK/STAT signaling is a conserved cytokine signaling pathway that can promote growth of imaginal discs. 25 Drosophila has three cytokine genes, the Unpaired genes, which bind to the Drosophila cytokine receptor Domeless. Domeless activates the Drosophila JAK, encoded by hopscotch (Hop), 26 which phosphorylates the transcription factor Stat92E (Stat), the only Drosophila STAT. Phosphorylated STATs enter the nucleus where they bind to DNA and regulate transcription. 25 For our study we explored two questions. First, whether or not Stat signaling has a role in the elimination of scrib À cells by normal neighbors. Second, whether activation of Stat is required for the hyper-proliferation of scrib À cells protected from elimination. Surprisingly, we found that Stat is required in normal and even super-competing cells to eliminate neighboring scrib À cells. The hyper-proliferation of scrib À cells that escape elimination, however, does not rely upon activation of Stat.
RESULTS
Stat is required to eliminate scrib À clones through cell competition We set out to determine whether Stat signaling has a role in the elimination of scrib À clones from mosaic imaginal discs. We therefore wanted to produce imaginal discs that were composed of two cell types: cells mutant for scrib (scrib À ) and cells mutant for stat (stat À ). To do this, we induced high levels of mitotic recombination in eye discs using the ey-FLP/FRT system. 27 In heterozygous animals, the ey-FLP/FRT system will generate eye discs comprised primarily of cells homozygous for either the maternal or paternal chromosome with very few cells remaining heterozygous. In order to distinguish the homozygous and heterozygous populations from each other, we labeled one chromosome with green fluorescent protein (GFP) and the other with red fluorescent protein (RFP). In that way, the eye tissue will be comprised of homozygous cells, which will have either two copies of RFP or two copies of GFP and a small population of heterozygous cells with both RFP and GFP (Figure 1a) .
We recombined a scrib À chromosome with a GFP-expression transgene and flipped it against a wild-type, RFP-bearing chromosome in the eye disc. We found that as previously reported, scrib À clones, here marked by absence of RFP and presence of GFP, were much smaller than control wild-type clones (Figures 1a and b , quantified in Figure 1g) Figure 1g ), they tend to be fewer, larger, and rounder, which may indicate clone fusion as a result of a cell adhesion defect (Figures 1a and c) . Thus, after clones are induced in the ey-Flp system, Stat is not required for cell proliferation or viability. However, whether or not a cell has Stat had a dramatic effect on cell competition. When stat À cells were faced with scrib À neighbors, the stat À cells were unable to eliminate the scrib À clones (Figures 1d-g ). Consequently, the scrib À clones grew into large, amorphic masses that delaminated from the disc epithelium, forming multi-layered, highly abnormal structures (Figures 1e and f) . Similar phenotypes were observed with two independent null alleles of stat, demonstrating that this effect is due to loss of Stat (Supplementary Figure S3) . This overgrowth phenotype is very different from scrib À clones with wildtype neighbors; scrib À clones with stat À neighbors contributed almost twice as much to imaginal discs, forming 49.5% (±7.5%) of the discs, than scrib À clones with wild-type neighbors, which formed 25.9% ( ± 5.6%) of the discs (Figure 1g ). Importantly, stat mutant cells did not have elevated levels of apoptosis when next to wild-type or scrib mutant cells (Supplementary Figure S2) . Thus, the striking overgrowth phenotype shows that wild-type cells require Stat to eliminate scrib À cells through cell competition. We next sought to determine whether scrib À cells next to stat Figure S4a) . wts À cells also effectively eliminated scrib À cells from tissues, indicating that they competed successfully against tumorigenic cells like they do against normal ones (Figure 3b and Supplementary Figure S4c) . wts À cells that also lacked stat (wts À stat À ) formed clones that overgrew next to wild-type neighbors, similar to wts À cells (Figure 3c and Supplementary Figure S4b) (Figure 3f) . Thus, the fitness of super-competing wts À cells and their ability to eliminate abnormal neighboring cells depends on having Stat. From this result we conclude that in order for super-competitor cells to eliminate scrib À clones, it is not enough to have low levels of Hippo signaling, cells also require Stat. Another conclusion that follows from this experiment regards the effects of cell proliferation on cell competition. Even though removal of wts from stat À clones caused them to proliferate more than wild-type clones, this did not rescue the cell competition defects of stat À cells (Figure 3g ). Therefore, Stat activity determines the competitive status of a cell independently of regulating cell proliferation. Figure S5a) . 31 Such wts À clones showed no change in 10XSTAT-GFP expression, unlike stat À clones, which showed the expected reduction in 10XSTAT-GFP (Figure 4a) . Similarly, wts À stat À cells show reduced expression of 10XSTAT-GFP (Supplementary Figure S6a) . Thus, the Hippo pathway does not promote Stat activity in imaginal discs.
Next, we sought to determine whether Stat signaling affects the activity of the Hippo pathway. We first looked at stat loss of function. We found that in general, stat À clones did not cause observable changes in ex-lacZ expression, but rare clones in eye or wing imaginal discs upregulated ex-lacZ along the interior of the clone boundary (Figures 4c-e) . This effect may be due to stat À cells elevating expression of dachsous (ds), an atypical cadherin that regulates the Hippo pathway ( Supplementary Figures S7a  and b) . 32 The upregulation of ds expression in stat À cells may create sharp disparities in Ds levels between neighboring cells, a situation that has been shown to induce ex-lacZ activity along clone borders in a pattern similar to the one observed here. 33, 34 Importantly, removing stat from wts À cells did not cause a reduction in the high levels of ex-lacZ expression observed in wts À clones (Figures 4f and g ). This indicates that Yki is still hyperactivated in wts À cells even in the absence of stat. Next, we tested the effects of Stat gain of function on Hippo signaling. We induced ectopic activation of JAK/STAT signaling by over-expressing an activated form of Hop (Hop TUM1 ) and examined ex-lacZ expression (Supplementary Figures S6b and c) . This did not result in changes in ex-lacZ expression, indicating that hyper-activation of JAK/STAT signaling did not alter Yki activity. Together these experiments show that Stat and Yki work largely in parallel in imaginal discs, although Stat regulates Hippo signaling in restricted regions, possibly through regulation of ds expression.
Stat is not required for non-competed scrib À cells to hyper-proliferate We found that Stat regulates cell competition independently of regulating cell proliferation. However, ectopic activation of JAK/ STAT signaling, for example through expression of an Upd ligand, results in hyper-proliferation and tissue overgrowth. 35 Discs comprised solely of scrib À cells display high levels of 10XSTAT-GFP, suggesting that elevation of JAK/STAT activity may be responsible for their overgrowth. 36 We sought to determine whether hyper-proliferating scrib À cells that are protected from cell competition have high levels of Stat activity and whether Stat may be required for their growth. First we examined clones of scrib À cells in the presence of wild-type neighbors. We observed no change in the levels of 10XSTAT-GFP in these cells compared with their neighbors (Supplementary Figure S5b) . scrib À clones protected from cell competition through expression of Bsk DN (scrib À þ Bsk DN ) made a larger contribution to the tissue than wild-type clones or scrib À clones facing cell competition and formed multi-layered structures within the tissue, as previously reported (Figures 5a-c, e and f) . 7-9,11,13,14 scrib À þ Bsk DN clones had elevated levels of 10XSTAT-GFP when clones were close to areas of endogenous expression, but scrib Figures S5c and d) . To determine whether the increased Stat activity observed in some clones is required for the hyper-proliferation of these cells, we used the ey-MARCM system to remove stat from scrib À þ Bsk DN clones. 8 Surprisingly, removing Stat from scrib À þ Bsk DN clones did not prevent them from growing large (Figure 5d ). scrib À stat À þ Bsk DN clones, which on average comprised 50.5% ( ± 8.0%) of discs, did not have significant growth defects compared with scrib À þ Bsk DN clones, which averaged a 56.6% (±8.1%) contribution to the discs (Figure 5g) . stat À clones, as well as those expressing Bsk DN , had no obvious proliferation phenotypes when BrdU incorporation was examined (Supplementary Figures S8a-c) . In an alternative experiment to test whether scrib À cells protected from cell competition require Stat to grow, we generated scrib À clones in the presence of poorly competing M þ / À cells. 16 Clones of wildtype, stat À , and scrib À cells all grew well in the presence of M þ / À neighbors and took over most of the disc (Supplementary Figure  S9a- Figure S9d) . Thus, scrib À cells protected from cell competition do not depend on Stat to hyper-proliferate. 36 This compensatory proliferation defect, as well as the cell competition defects we report in this paper, both likely contribute to this small-eye phenotype observed in eyes formed from clones of scrib À and stat À cells. (Figure 6c) . Thus, cells require Stat for the competitive fitness to effectively outcompete scrib À neighbors. This fitness allows tissues to protect themselves from being overtaken by abnormal cells.
DISCUSSION
Activation of JAK/STAT signaling is observed in human cancers, particularly of the blood, but also in other tissues, and JAK/STAT inhibitors are used as cancer therapies. 37 Our work reveals that application of such therapies may be dangerous in some situations, such as carcinomas. If the tumor-suppressive role of the JAK/STAT pathway that we observe in Drosophila is conserved in mammals, suppression of the pathway could interfere with the ability of tissues to survey for and eliminate pre-cancerous cells.
MATERIALS AND METHODS

Drosophila stocks and culture
All crosses were maintained at 25 1C. Mutant clones were induced by mitotic recombination using the FLP/FRT system. 4 Flp recombinase was expressed in a tissue-specific manner using ey-Flp. 27 The UAS-Gal4 system was used for overexpressing genes of interest. 3 The scrib 2 null allele was flipped against corresponding ubi-GFP marked FRT chromosomes to generate scrib À clones. 38 The stat92E
85C9
null allele was used to generate stat À clones, except in Supplementary Figure S2 , where stat92E 397 was also utilized. 39 The wts x1 null allele was used to generate wts À clones. 40 To express GFP and other genes of interest in mutant clones, the MARCM (mosaic analysis with a repressible cell marker) system was used. 41 Heat shocks were performed at 37 1C for 30 min during the first or second larval stage.
The following strains were used in this study: (1) y w, hs-FLP; FRT82B ubi-GFP, (2) y w, ey-FLP; FRT82B ubi-GFP, (3) y w ; ; FRT82B ubi-RFP, (4) y w; FRT82B Minute(3) / TM6B, (5) y w, ey-FLP; act4y þ 4GAL4, UAS-GFP; FRT82B Figure 5 . Stat is not required for the hyper-proliferation of scrib À cells protected from cell competition. Confocal images of eye imaginal discs containing clones of cells of the indicated genotypes. Clones were generated using the MARCM system to positively label mutant clones by GFP expression (green) and ey-FLP to induce recombination in eye discs. Cell nuclei are labeled with DAPI (blue) The size of the GFP-expression region was compared with the total disc area. scrib À þ Bsk DN clones grew significantly larger than scrib À clones, indicated by '***' , but did not require Stat for this growth. Genotypes in Figure: 
